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Abstract 
A better design of solar systems by preliminary dynamic simulation enhances their viability. Available simulation tools like 
TRNSYS are often complex and require much experience. This study proposes a simplified simulation model of solar systems 
using evacuated tube collectors with a storage tank that may be stratified or not.  
Models were developed for the three main components of the solar loop: global irradiation, the collector, and the storage tank. 
The differential equations generated were solved using a prediction-correction algorithm. 
A computer program, JANT-BI, was developed to allow for the monitoring of the different levels of temperature in the whole 
system. JANT-BI can be used to evaluate the solar coverage rate for a given load and as a function of different design 
parameters, and so is suitable for both numerical simulation and optimal design. 
A case study of process steam generation with a non-stratified system revealed that the tank volume is inversely proportional to 
the overall performance of the system. It was also found that  for a given collector area, a collector arrangement that favors 
parallels against series provides a better solar coverage rate. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The challenge created by global warming  in  the past years has spurred a growing interest for more 
environmentally-friendly alternative energy solutions and allowed solar thermal energy to regain in popularity. A 
solar thermal system essentially comprises three main parts: (i) collector, (ii) storage tank, and (iii) load. Among the 
diverse auxiliary components, are: heater, pumps, regulators, valves and piping. In this study, it is proposed to 
establish a numerical dynamic model of a solar system using an evacuated tube collector (Fig. 1). The model is next  
used to study, as an illustration, first the influence of the storage tank volume on the overall performance of th e 
system, and then the best series-parallel arrangement of the tubes for a given area of the collector. 
 
Nomenclature 
SYMBOLS 
A area (m2)  
Age  area of glass envelope exposed to solar radiation (m2) 
Are area of absorber exposed to solar radiation (m2) 
cp specific heat (J/kg.K) 
Gn global irradiation (W/m2) 
HL sunrise time (h) 
HC sunset time ((h) 
hfr heat transfer coefficient absorber – fluid (W/m2.K) 
hga heat transfer coefficient glass envelope – exterior environment (W/m2.K) 
Ij daily radiation (Wh/m2) 
m mass (kg) 
ṁ mass flow rate (kg/s) 
T temperature (K) 
T1f inlet fluid temperature [collector side] (K) 
T2f outlet fluid temperature [collector side] (K) 
D solar radiation absorptivity 
E constant (is 1 if there is fluid flow in the collector, 0 otherwise) 
't day length [time interval between sunrise and sunset] (h) 
H infrared emissivity 
V Stefan-Boltzmann constant 
W solar radiation transmittance 
 
SUBSCRIPTS 
a exterior environment 
f fluid 
g glass envelope 
r absorber 
s sky 
t internal tube of collector 
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Evacuated tube collectors constitute an intermediate type between concentrators and flat -plate collectors, and are 
an ideal solution for solar domestic hot water generation in  cold climates. In hotter climates, evacuated tube 
collectors may produce low-pressure steam or hot water for use in industrial applications or in thermally -driven air 
conditioning applications such as absorption systems. In this type of collector, vacuum is created between the 
absorber (or receiver) and the glass envelope. The coating is selective and the vacuum can be maintained by means 
of, for instance, a getter [1]. Temperatures well above 100°C can be reached. Kumar et al. [2] report that, under 
typical summer conditions, one can obtain up to 180°C. 
Fig. 1. Schema representation of the studied solar system. 
Collector models may be subdivided into three categories: (1) empirical models, (2) single -capacitance models, 
and (3) d istributed models. Empirical models  rely  on experimental or testing data: for example, TRNSYS [3] uses a 
quadratic efficiency curve and incidence angle modifiers with the testing data. Fischer et al. [4] proposed an 
artificial neural network approach to the modeling of the collector. Single-capacitance models consider only one 
temperature node, which is very often the spatial mean flu id temperature. This type of models can lead to errors in 
the prediction of heat losses and outlet fluid temperatures. On the other hand, distributed models that consist to the 
division of the collector into a number of nodes perpendicular to flow direction, and a number of nodes along flow 
direction are better in  minimizing errors. The most complex models lead  to better results, but require more 
computing time. And in terms of compromise between precision and computing time, the 3-node model seems to be 
the most appropriate. This type of model considers the respective temperatures of the glass envelope, the absorber, 
and the fluid [5]. 
2. Modeling 
2.1. Collector 
The collector is modeled  by considering 3 temperature nodes: those of the glass envelope, of the absorber, and of 
the fluid  (d ifferent from heat p ipe-type collectors, here the fluid  flows inside the evacuated tube). The thermal 
balance equations for the collector are as follows  [2,6]. 
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GLASS ENVELOPE 
 
1 2 3 4
g
g g
dT
m Cp Q Q Q Q
dt
       (1) 
with: 
 
 1 g ge nQ A GD : solar energy absorbed by the absorber; 
  4 42 r r r gQ A T TVH  : radiation heat exchanged between the absorber and the glass envelope;  
   4 43 g g g sQ A T TVH  : heat radiated toward the sky; 
 1.50.0552s aT T : sky temperature according to Swinbank equation [7]; 
  4 g ga g aQ A h T T  : heat losses to the environment. 
 
ABSORBER 
 
5 2 6
r
r r
dTm Cp Q Q Q
dt
      (2) 
with: 
 
 5 g r re nQ A GW D : energy transmitted by the glass envelope and absorbed; 
  6 11 exp fr tf p f r f
f p f
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: energy carried away by the fluid. 
 
FLUID 
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   (3) 
2.2. Global Irradiation 
The model proposed by Bernard et al. [6] is, due to its simplicity and universality, adopted: 
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2.3. Storage Tank  
In the modeling of the storage tank, two cases are considered:  
(1) it is not stratified; 
(2) it is stratified with 3 layers. 
 
The storage tank model elaborated by Duffie and Beckman [8] is used here. 
3. Computer Program 
On the basis of these models of the collector, global irrad iation, and storage tank, a computer program called 
JANT-BI was developed. JANT-BI was built with users in Senegal in mind, and so is in French (Fig. 2). 
Fig. 2. Screenshot of the solar system simulation program JANT-BI. 
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The systems of d ifferential equations were solved by a predict ion-correction algorithm. The auxiliary heater is 
controlled as follows: if the temperature delivered by the collector is lower than the temperature required by the 
load, the auxiliary heater heats the fluid to the required temperature (+2°C to account for the thermal losses and 
inertias in the auxiliary heater), otherwise the auxiliary heater is off and the load receives a fluid at a higher 
temperature than required. If a storage tank is present in the system, the fluid heated by the collector is directly  
admitted into the tank where it mixes with the flu id already in the tank, and the load is served with the fluid in the 
tank. The pump in the storage tank-collector loop runs only if the average temperature in the collector is higher than 
the temperature at the bottom of the tank. 
The program can be used to evaluate the Solar Coverage Rate (S CR, also called solar fract ion), i.e. the 
percentage of total load supplied by solar energy (the other part of the load being covered by the auxiliary heater). 
The program also allows to monitor the temperatures in the whole system at all times.   
4. Illustration and Discussions 
To underline the possibilit ies offered by JANT-BI, we t ried to determine, for a given application, the respective 
influences of the tank storage and of the series -parallel arrangement of the collector on the performance of the 
system. The application considered for this purpose is process steam generation. Steam is at 2 bars and 120°C, and 
its mass flow rate equals 200 kg/h. For this application, the required temperature from the collector/auxiliary heater 
is 150°C. The average efficiency of the auxiliary heater is estimated to be 45%. Operating hours are from 7 to 17h. 
The simulations are run for the climatic conditions of Dakar in  Senegal (this city receives nearly 6,000 Wh/m2 of 
solar irradiation daily). Stratification in the storage tank is not considered. 
An N-M arrangement of the collector means that there are N tubes put in series and M parallel series. In the type 
of collector used for this example, tubes are grouped in modules of 6 tubes each, with each module having an area of 
1.13 m2. Fluid flow rate through each series is 80 l/h.  
JANT-BI reveals that in applicat ions requiring entering temperatures above 130°C in a continuous fashion, the 
performance of the system is inversely proportional to the storage tank volume (Fig. 3). This signals that the 
removal of the storage tank may possibly be the best option for such applications.  
 
Fig. 3. Influence of the storage tank on the solar system’s performance for a process steam generation application.  
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The influence of the series-parallel arrangement on the SCR was also studied. For a g iven collector area, 
arrangements of type 1 favor tubes in series, while arrangements of type 2 favor parallel series (Tab le 1). Fig. 4 and 
Fig. 5 show that it is better to use an arrangement that presents the most parallel series. This result was expected. 
This is because this type of arrangement allows an increase of the fluid flow arriving to the storage tank.  
Table 1. Tested series-parallel arrangements for a process steam generation application. 
Number of tubes Arrangement 1 Arrangement 2 
720 72-10 48-15 
900 90-10 60-15 
960 96-10 48-20 
1080 72-15 54-20 
1200 60-20 48-25 
1350 90-15 54-25 
1440 96-15 48-30 
1680 84-20 48-35 
1800 90-20 72-25 
1920 96-20 48-40 
2100 84-25 60-35 
2520 84-30 72-35 
2880 96-30 72-40 
 
Fig. 4. Influence of the collector arrangement on the system’s performance for a process steam generation application (tank volume = 0.1 m3) 
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Fig. 5. Influence of the collector arrangement on the system’s performance for a process steam generation application (tank volume = 0.3 m3) 
5. Conclusion 
We modeled a solar system using an evacuated tube collector and a storage tank that may be stratified or not. A 
computer program, called JANT-BI, was developed following this modeling effort. JANT -BI allows to easily and 
quickly carry out simulations on real applications, and to better design solar systems with evacuated tube collector.  
By considering a process steam generation with a non-stratified system, it was found that the tank volume is in  
this case inversely proportional to  the overall performance of the system. It was also seen that, for a given co llector 
area, an arrangement that favors the increase of the number of parallel series in  the collector le ads to better solar 
coverage rates.  
References 
[1] T. Beikircher, W. Spirkl, Analysis of Gas Heat Conduction in Evacuated Tube Solar Collectors, J. Sol. Energy Eng. 118 (1996) 156-161. 
[2] R. Kumar, S.C. Kaushik, H.P. Garg, Transient Analysis of Evacuated Tubular Solar Collector with Finite Difference Technique, Renewable 
Energy 4 (1994) 941-947. 
[3] TRNSYS 16, Version 16, Solar Energy Laboratory, University of Wisconsin-Madison, Wisconsin. 
[4] S. Fischer, P. Frey, H. Drück, A comparison between state-of-the-art and neural network modelling of solar collectors, Solar Energy 86 (2012) 
3268-3277. 
[5] J.-P. Praene, D. Morau, F. Lucas, F. Garde, H. Boyer, Simulation of a Solar Absorption System, Int. Sci. Journal for Alt. Energy and Ecology 
6 (2008) 111-118. 
[6] R. Bernard, G. Menguy, M. Schwartz, Le rayonnement solaire – Conversion thermique et applications, second ed., Technique et 
Documentation Lavoisier, Paris, 1980. 
[7] W.C. Swinbank, Long-Wave Radiation from Clear Skies, Q. J. Royal Meteorol. Society 89 (1963) 339-348. 
[8] J.A. Duffie, W.A. Beckman, Solar Engineering of Thermal Processes, fourth ed., John Wiley & Sons Inc., New Jersey, 2013. 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
720 900 960 1080 1200 1350 1440 1680 1800 1920 2100 2520 2880
SC
R 
(%
) 
Number of tubes 
Arrangement 1
Arrangement 2
